The objective of this study was to determine the pumping capability of dynamic cardiomyoplasty during induced ventricular fibrillation. In this acute study of 6 dogs, the pumping capability of the unconditioned left latissimus dorsi (LD) muscle (141 to 292gm), wrapped around both ventricles, was investigated during induced ventricular fibrillation. Left-ventricular and femoral artery pressure, the ECG and aortic root flow velocity were monitored. Prior to inducing ventricular fibrillation, the ability of the unconditioned LD muscle to augment stroke volume (SV), was quantified as the area under the aortic flowvelocity record. The ventricles were then fibrillated and, after 10sec, rhythmic 250msec trains (1/sec) of stimuli (40/sec) were delivered to the thoracodorsal nerve to contract the LD muscle tetanically. In no case could dynamic cardiomyoplasty produce the same SV as when the ventricles were beating normally. In one animal, the SV attained two percent of the normal SV by 5 contractions; in another, the SV reached one percent by 25 contractions. In the remaining animals, the SV varied around 20% of the prefibrillation SV. By 90 contractions, the stroke volume was 10% of the prefibrillation value. The progressive decrease in SV was likely a consequence of LD muscle ischemia and fatigue, since the latissimus dorsi muscle provided low blood flow during the period of fibrillation. (Jpn Heart J 35: 73-80, 1994) 
hemidiaphragm around the ventricles and made it contract during ventricular systole, experimental animal studies3-5) have shown that cardiac output can be augmented by varying amounts up to 20%. There is one report6) that describes dynamic CMP in the dog during ventricular fibrillation and states that an arterial pressure of 80mmHg was obtained 15-20min after the onset of ventricular fibrillation. Another report7) showed that very little blood flow was produced when the ventricles were fibrillating and the encircling skeletal muscle was contracted rhythmically. The present study was undertaken to determine the SVpumping capability of the unconditioned left LD muscle wrapped around the canine heart during a worst-case condition, electrically induced ventricular fibrillation.
METHODS AND MATERIALS
All studies described herein were performed in accordance with the Guide for the Care and Use of Laboratory Animals, published by the U.S. Department of Health, Education, and Welfare (DHHS publication No. NIH 85-23, revised 1985). This study was approved by the Purdue University Animal Care and Use Committee.
Six dogs, ranging in weight from 21 to 32kg were anesthetized with sodium pentothal (10mg/kg, iv), intubated and placed in right-lateral recumbency. Anesthesia was maintained with Isofluorane, 1.5% with oxygen. The animals were supported with positive-pressure ventilation and by the administration of fluids and sodium bicarbonate, based on repeated acid-base and electrolyte determinations. A cephalic vein catheter was inserted for the administration of fluids and drugs. A femoral artery catheter was introduced to collect blood samples and monitor abdominal aortic pressure. Cardiopulmonary bypass was not used. Surgical procedure: An incision was made from the caudal axilla to the midpoint of the last rib along the ventral border of the left latissimus dorsi muscle. Intercostal vascular branches, extending to the ventral and dorsal borders of the muscle, were isolated and divided. The caudal (inferior) origin of the latissimus dorsi muscle and the dorsal (posterior) fascial origin attachments were freed. The thoracodorsal artery and vein and a branch of the lateral thoracic artery remained the only blood supply to the isolated LD muscle. The insertion of the muscle to the proximal humerus was transected and moved to the adjacent second rib so that when the muscle was contracted tetanically, there was no force applied to the limb, thereby preventing stretching the thoracodorsal artery, vein and nerve trunk. A bipolar stimulating electrode was then placed against the nerve and covered by a plastic sleeve. One-third to one-half of the third rib was removed to permit translocation of the LD muscle into the thorax. The lateral incision site was then closed. The animal was repositioned dorsally and a median sternotomy was performed. The root of the ascending aorta was dissected from the pulmonary artery and an ultrasonic flow probe (Transonics, Ithaca, NY) was placed to monitor aortic-root flow velocity (AFV). Stroke volume was determined by measuring the area under each calibrated AFV wave. A pigtail catheter was inserted through the left atrial appendage and advanced into the left ventricle to monitor left-ventricular pressure without compromising the aortic valve. The left LD muscle (weight range: 141 to 292gm), was wrapped around the heart, with the pericardium intact, in a clockwise direction and sutured to the pericardium so that the largest amount of ventricular musculature was encompassed. The ventricles were wrapped tightly enough to avoid constriction and to allow the encircling muscle to experience the intraventricular pressure. Tactile sensation and a very slight transient reduction in left-ventricular systolic pressure were used to guide the wrapping tightness. A bipolar sensing electrode was placed on an atrial appendage to detect the P wave. Pulse generator: The trains of tetanic stimuli (250msec) were delivered to the motor nerve by a stimulus isolation unit driven by a Grass stimulator (Grass Instruments, Quincy, MA). This stimulator generated each train of tetanic stimuli (40/sec, 0.1msec pulses). A custom-built timing circuit gated the stimulator. When the heart was in sinus rhythm, the timing circuit was triggered by the P wave such that the train of tetanic stimuli began 70msec after the peak of the R wave. The timing circuit also permitted delivery of a train of stimuli for each P wave or a submultiple thereof, i.e. 1:2 to 1:10. An output of 4V was adequate to excite all of the axons in the thoracodorsal nerve. When the ventricles were fibrillated, the delay circuit was disabled and rhythmic 250-msec trains of stimuli were delivered to the thoracodorsal nerve at one train/sec. Experimental study: Control records were obtained of the cardiac electrogram, which contained the R wave, left-ventricular pressure (LVP), pulsatile aortic-root flow velocity (AFV) and femoral artery pressure. With sinus rhythm, a train duration of 250msec was delivered 70msec after the peak of the R wave to determine the ability of the LD muscle to augment LVP, AFV (from which SV was determined) and femoral artery pressure. The ventricles were then fibrillated by delivering stimuli of 100/sec (2msec pulse duration) to the ventricles. After about 10 seconds of fibrillation, the thoracodorsal nerve was stimulated rhythmically once per second. Figure 1 illustrates the cardiac electrogram, LVP, AFV and femoral artery pressure in a typical animal with normal sinus rhythm. The delivery of a single train of stimuli to the LD muscle (identified by A), augmented LVP, AFV and femoral artery pressure. Measurement of the areas under the AFV curves for the assisted (A) and preassisted beat revealed that stroke volume was augmented by 15%. Figure 2 illustrates the cardiac electrogram, LVP, AFV and femoral artery pressure prior to and following the induction of ventricular fibrillation. After 10 sec of fibrillation, 250msec trains of stimuli were delivered to the thoracodorsal nerve to contract the LD muscle once per second. The record in Figure 2 is for the animal shown in Figure 1 . Although there were reasonably large-amplitude pulses in the LVP record, the AFV pulses were very small in amplitude. The LVP pulses disappeared in about 70 seconds. Figure 3B presents the average percent stroke volume versus LD contraction number for all of the animals. In no case was the first dynamic CMP contraction able to produce the same SV as was produced by the heart during sinus rhythm. In one animal the percent SV decreased to two percent in 5 contractions. In another animal the percent SV fell to one percent in 25 contractions. In the other animals, the average stroke volume varied around 20% as the LD muscle continued to be contracted rhythmically. After about 90 contractions, the stroke volume was 10% of the control value.
RESULTS

DISCUSSION
The results of this study are inconsistent with those reported by Termet et al6) and consistent with those of Anderson et al.7) After about 80 contractions , which represents about one and one-third minutes, stroke volume fell below 20% of the control value. However, there were variations in the percentage of stroke volume during rhythmic LD muscle contraction. Recall that the atria were beat- therein must be in the order of arterial pressure, 8, 9) as predicted by the FrankStarling law. In the dynamic CMP role, the intraventricular pressure available to preload the encircling skeletal muscle is much less, being left-ventricular, enddiastolic pressure (LVEDP). Therefore the force of contraction is much less than maximal. During ventricular fibrillation, the preload may be less than LVEDP because the compliance of the fibrillating ventricles is less than that of normal ventricles, thereby reducing the ability of the skeletal muscle to propel blood. It is worthy of note that open-chest manual cardiac compression during ventricular fibrillation can provide a cardiac output of about one half of that when the ventricles are beating normally.10) However, in this case, the preload on the muscles of the rescuer's hand does not determine the force of ventricular compression.
With dynamic CHIP, the tightness of the muscle wrap and the intraventricular pressure both affect the force of skeletal muscle contraction. The muscle wrap must be sufficiently tight to both experience the intraventricular pressure and decrease ventricular diameter during nerve stimulation. A wrap that is too tight will produce cardiac constriction and ischemia in both the myocardium and skeletal muscle. A wrap that is too loose will fail to provide preload and fail to communicate the contraction shortening to decrease ventricular size. We believe that the differences in SV among the animals may be due to differences in muscle-wrap tightness. As yet there has been no investigation of the effect of muscle-wrap tightness on stroke volume with dynamic CMP.
In summary, dynamic CMP was unable to restore stroke volume to its prefibrillation level. The average SV after about three LD muscle contractions was about 20% of the prefibrillation stroke volume. If the pumping ratio is less than 1/1, the augmentation in cardiac output would be less than 20%. However, in no case was this percentage sustained beyond 80 contractions.
